We now show that G␣i recruits LGN to the cell cortex, that LGN can simultaneously bind to both G␣i and NuMA, and that a small fraction of NuMA is also recruited
to the cortex during mitosis. Unexpectedly, NuMA assowith the spindle poles is abolished when the cells are treated with nocodazole to disassemble microtubules ciation with LGN is necessary for the association of LGN with the cell cortex. Using a FRET biosensor, we found (Supplemental Figure S1 ). At high expression levels, the YFP-LGN disrupts the attachment of the spindle microthat the N-and C-terminal halves of LGN bind to one another to form a closed state that has a low affinity for tubules to the poles, resulting in mitotic arrest and chromosome missegregation, as we had shown previously G␣ and NuMA. On disassembly of the nuclear envelope, NuMA is released into the cytoplasm where it can bind for myc-LGN (Supplemental Figure S2) LGN at moderate levels (Ͻ20-fold ϫ endogenous) had no effect a YFP-LGN fusion also causes spindle rocking, which requires both NuMA and G␣i binding to LGN. We sugon the formation of bipolar spindles (see Supplemental Figure S1 on the Cell web site). Moreover, the cells gest that the trimeric NuMA/LGN/G␣ complex regulates the interaction of aster MTs with the cell cortex and entered anaphase normally and completed cytokinesis after telophase, at which time YFP-LGN dissociated that increased cortical localization of the complex might produce transient imbalances in the pulling forces on from the spindle poles and the cell cortex ( Figure 1D and Supplemental Movie S1). the mitotic apparatus, causing them to rock back and forth. This type of conformational switch mechanism is likely conserved among all Pins homologs.
LGN Recruits NuMA to the Cell Cortex in Mitosis Previous reports have described NuMA as being nuclear during interphase and exclusively in the spindle pole To determine whether this distribution of NuMA might with this increase in LGN level, the protein becomes be an artifact of the antibody staining, we transfected localized both to the spindle poles and to the cell cortex, cells with YFP-NuMA and were able to observe YFP as detected by immunofluorescence ( Figure 1B) . In influorescence at the cortex of mitotic cells but not in terphase cells, this anti-LGN antibody stains speckles interphase cells ( Figure 2B ). A similar result was obscattered throughout the cytoplasm (neighboring cells tained with RFP-NuMA (data not shown). These data in Figure 1B LGN-directed siRNA ( Figure 2C ). We conclude from but, consistent with the antibody staining, it becomes these data that the cortical localization of NuMA is mediconcentrated at the cell cortex and spindle poles during ated by LGN binding. mitosis ( Figure 1C , and see Supplemental Figure S1 at http://www.cell.com/cgi/content/full/119/4/503/DC1/). Distinct domains in LGN determine these two locations.
Cobinding of NuMA and G␣i to LGN The cortical localization of LGN requires its C-terminal The N-terminal half of LGN, which contains the TPR repeats and binds NuMA, localizes exclusively to the GoLoco motifs, which can bind to membrane-associated G␣i. To determine whether G␣ is required for cortispindle poles, while the C-terminal half, which contains the GoLoco motifs and binds G␣i, localizes to the cell cal localization of LGN and NuMA, we first asked if LGN can bind simultaneously to NuMA and G␣i. We cotranscortex ( Figure 1C with myc-tagged G␣i1. After immunoprecipitation of the to the plasma membrane. In these cells, endogenous
LGN staining appeared more intense, and was present G␣i1 with anti-myc antibody, the NuMA fragment was found to have coprecipitated only when HA-LGN was at the cell cortex, not only in mitotic cells but also in interphase cells ( Figure 3A) . Moreover, in G␣i-YFP mipresent ( Figure 2D ). This result shows that LGN can link G␣i1 to NuMA. To confirm that this ternary interaction is totic cells, endogenous NuMA staining at the cortex was more intense than in control mitotic cells ( Figure 3B ). direct, we attached recombinant S-tagged NuMA(1818-2001) to beads and incubated them with purified His6-Quantification of the fluorescence intensity at the cell cortex indicated a 4-to 5-fold increase in membrane tagged G␣i1 and/or LGN-His6 or the isolated N terminus of LGN, GST-LGN(1-373). The G␣i1 was bound specifiassociation of the LGN and NuMA. Conversely, we did not detect any G␣i-YFP colocalizing with NuMA at the cally to the NuMA beads only in the presence of fulllength LGN ( Figure 2E ). As expected, the isolated N spindle poles. Similar results were obtained using unterminus of LGN could bind NuMA but not G␣i1. Totagged G␣i that was expressed together with YFP as a gether, these data show that LGN can bind simultanetransfection marker (Supplemental Figure S3B ). ously to both NuMA and G␣i1.
LGN binds preferentially to the GDP bound state of G␣i (Natochin et al., 2001 ). We therefore tested G␣i (Q204L), which is a mutant that is predominantly GTP G␣ Recruits LGN and NuMA to the Cell Cortex We next transfected cells with a G␣i1-YFP construct.
bound, and found that it did not efficiently recruit LGN to the cell cortex (Supplemental Figure S3C) . To confirm This construct localizes, like the endogenous protein, specificity, we also tested G␣s-GFP, which does not G␣i fusion protein, which is mistargeted to the cytoplasm (Supplemental Figure S3A) . Together, these rebind LGN (Natochin et al., 2001 ). Although this G protein was localized to the plasma membrane, no increase in sults demonstrate that GDP bound G␣i1 at the plasma membrane can bind to LGN and, through LGN, to NuMA. cortical LGN was detectable (Supplemental Figure S3C) . Moreover, the recruitment of LGN to the cell cortex durTo confirm that such a ternary complex can form, cells were transfected with G␣i-myc and harvested for ing mitosis was prevented by the expression of an RFP-of LGN to the cell cortex even in interphase cells. An alternative hypothesis is that NuMA, which is released from the nucleus at the start of mitosis, alters the conformation of LGN so as to increase its affinity for G␣i, thereby facilitating the association of both proteins to the cortex. This hypothesis suggests that LGN behaves as a switch, with a closed and open conformational state, controlled by NuMA.
In support of this switch mechanism, our initial yeast two-hybrid screen for LGN binding partners identified the C terminus of LGN itself, in addition to NuMA (Du et al., 2001). Multiple independent clones of LGN were isolated from two libraries. The two-hybrid interaction is shown in Figure 4A . Interestingly, this head-tail interaction is conserved: the N-and C-terminal regions of another mammalian Pins homolog, AGS3, also associate with one another (data not shown), as do the domains of the Drosophila Pins itself ( Figure 4B ). The C terminus of Pins also binds to mammalian LGN (1-373), despite the fact that the amino acid identity between this region of LGN and Pins is quite low (32%). And, unexpectedly, Drosophila Pins even binds to human NuMA ( Figure 4B ), a protein with no known Drosophila homolog. As a negative control, neither Pins nor LGN interacted with stathmin in this assay.
We next mapped the interaction domains on the N-terminal and C-terminal halves of LGN by yeast two-hybrid and in vitro binding assays. The N-terminal TPR motifs 1 and 2 of LGN, which also bind NuMA, are both necessary and sufficient for association with the C terminus of LGN, and the entire GoLoco domain appears to be required for the interaction with the N terminus of LGN (Supplemental Figure S4 ). These data also confirm the specificity of the interaction.
Conceivably, the head-to-tail interaction of LGN could be intermolecular rather than intramolecular and form antiparallel homodimers or filaments. However, it is unlikely that LGN exists predominantly as oligomers in the To test this model in a cellular context, we expressed a C-terminal fragment of NuMA that lacks the nuclear localization signal (NuMA-CT-⌬NLS) but which can bind to LGN. We predicted that this fragment would switch endogenous LGN to the high-affinity state and permit it served. Remarkably, however, the metaphase chromo-somes displayed pronounced rocking motions that were plasma membrane. Expression of RFP-G␣i, which cannever seen in the control cells ( Figure 7A and Supplenot be myristoylated and is mistargeted to the cytomental Movies S2 and S3). The oscillation was quasiregplasm, did not induce any metaphase oscillations (Supular with a period of about 24 Ϯ 6 s and an amplitude plemental Table S1 ). The RFP-G␣i also inhibited the of about 30Њ ( Figure 7B ). (These are probably underestioscillations caused by YFP-LGN, confirming that the mates, given the time resolution of 6 s). Importantly, phenotype specifically requires LGN at the cell cortex this chromosome movement was not observed when (Supplemental Table S1 ). doxycycline was present to inhibit the expression of Finally, it has been proposed that during the asymmet-YFP-LGN (Supplemental Table S1 Table S1 ), suggesting that G␤␥ is probain these images). Thus, the effect is likely a result of bly not involved in this process. unbalanced forces acting on the mitotic apparatus through the aster MTs. Table S1 ), arguing that endogenous NuMA participates principle, result from transient changes in attachment with LGN and G␣i in generating the oscillatory motion of the aster MTs to the spindle poles or from changes of the mitotic apparatus. in attachment to the cell cortex. To try and distinguish Finally, we asked whether the induction of spindle these possibilities, we monitored cell lines that express rocking is linked to a change in microtubule dynamics. low levels of the isolated N-or C-terminal halves of LGN, Low concentrations of nocodazole are known to reduce fused to YFP. However, neither the N terminus, which MT dynamic turnover without causing MT disassembly localizes to the spindle poles, nor the C terminus, which (Vasquez et al., 1997). We therefore incubated YFP-LGN localizes to the cortex in mitosis, had any effect on cells with 10 nM nocodazole and recorded cells that orientation of the metaphase plate (Supplemental Table  were entering mitosis. This level of nocodazole had no S1). Therefore, functions provided by both ends of the detectable effect on the organization of the bipolar spinproteins are needed to induce chromosome oscillations. dles and did not block cells from entering anaphase, If the induction of metaphase oscillations is caused but it inhibited spindle rocking (Supplemental Table S1 ). by increased LGN recruitment to the cell cortex during This result indicates that MT dynamic instability is remitosis, then an increase in G␣i at the plasma membrane quired to mediate the effects of the NuMA-LGN-G␣ comshould produce the same phenotype as expression of plex during mitosis. YFP-LGN. Indeed, we observed rotations of the metaphase chromosomes in G␣i-YFP cells that were indistinDiscussion guishable from the motion seen in the YFP-LGN cells (Supplemental Table S1 and Supplemental Movie S5).
Cortical NuMA and Microtubule Dynamics
An important question in developmental biology is how The same phenotype was observed in cells transfected the orientation of mitosis is established. Genetic studies with untagged G␣i (Supplemental Table S1 ). The speciin flies and nematodes have identified a family of related ficity of the effect was highlighted by the fact that no proteins (Pins) that interact with G␣ subunits and are oscillations were produced by G␣s, a G protein that essential for the orientation of mitotic spindles in several does not interact with GoLoco motifs ( mechanism might be very similar throughout the meta-
